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INTRODUCTION

The Thermal Standard has been under development for several years.
The preliminary aspects and exposure correlations have been published in
the two previous parts to this report (Refs. 1 and 2). The other two
parts of this report are summarized as follows.

SUMMARY OF PART 1

The "thermal standard" was conceived to be a simple, inexpensive
device which could be placed at any location of the world to determine
unsheltered exposure response temperatures of naval ordnance. The
thermal standard was to be "representative" of a large variety of
expensive ordnance items which might be dump stored.

Analysis showed that many ordnance type items could be represented
by a thin metallic shell filled with a Tow thermal conductivity material.
It was also shown that for diameters between 2.5 and 24 inches the
resulting temperature was relatively insensitive to diameter. Thus, the
thermal standard recommended was a 6-inch-diameter, stainless steel
spherical shell filled with RTV-511. There were five thermocouples,
four attached to the steel surface and one at the center. The thermal
standard was to be exposed to the same circumstances as the dump stored
ordnance items and the thermal responses were to be compared.

SUMMARY OF PART 2

A few devices as described in Part 1 were fabricated and placed in
dump storage areas world wide. After temperature response data from
these thermal standards were collected for about 300 days at two
separate storage dumps, a comparison of the predicted temperature
response of the thermal standard from meteorological data was done with
experimental values actually derived from the devices. This was done
for the maximum temperature attained during each day. The comparison
indicated that the thermal standard was amenable to analysis by theory
and it appeared to be "typical" of dump stored naval ordnance. That
is, the temperatures attained by the thermal standard were typical of
those attained by a previously instrumented and similarly exposed
variety of naval ordnance.

Based on these results, it was concluded that further development
and evaluation should proceed on the thermal standard as a method of
prediction of dump storage response temperatures in naval ordnance.

PART 3 OBJECTIVE

The objective of this part of the report is to present the work
done to evaluate the comparison of ordnance thermal response to that of
the thermal standard in the field, to demonstrate its wide range of
applicability, and to make recommendations concerning its future use.
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This report first presents the results of a series of hourly
temperature predictions for some field instrumented naval ordnance and
then compares the prediction with the experimental results. This is
followed by a discussion of the cumulative-probability versus temp-
erature method of data presentation and several cumulative-probability
temperature predicted curves are compared with reduced experimental
data. Then some possible future applications of the thermal standard
are presented. The basic report is concluded by a parametric study
based on an analytical model developed to predict the diurnal
temperature variation of a missile surface.

THERMAL STANDARDS IN THE FIELD

About twenty thermal standards have been built of which 13 have
been placed in possible typical dump storage locations around the world.
These locations were selected to include some of the extreme environ-
ments of the world. They were placed in:

1) Hot, arid desert regions:
China Lake, Calif. (2)
Death Valley, Calif. (1)
2) Tropic regions:
Panama Canal Zone (1)
Thailand (1)
Subic Bay, Phillipine Islands (1)
Queensland, Australia (2)
3) Cold and polar regions:
Alaska (both coast and interior)
Ft. Richardson, Anchorage (1)
Ft. Greely, Delta Junction (1)
Resolute Bay, Canada (1)
Canadian Forces Base, Alert Canada (1)

Two to seven years of continuously recorded data have been taken in
the tropics, desert and arctic. Adjacent to most of the thermal
standards were well instrumented ordnance items. These included rocket
motors and missiles, rockets in containers, small-arms ammunition,
bombs, gun projectiles, and fuses. Also, local air temperature was
monitored, and in most locations, normal meteorological information,
including solar radiation, relative humidity and wind speed was avail-
able through the world network of meteorological reporting stations.
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HOURLY TEMPERATURE PREDICTION-COMPARISON

A major series’ of measurements was made during the summer of
1974 atiChina Lake at the NWC Salt Wells dump storage measurement site.
Temperatures were measured on Shrike and Sidewinder missiles in and
out of their shipping containers. In addition, local meteorological
conditions, such as ambient air temperature, solar radiation, wind
speed, and relative humidity, were monitored for use as input data for
analytical predictions.

Three separate predictive techniques were evaluated. These were
(1) analytical solutions which approximated the input conditions through
the use of sine and step functions, (2) estimations of the thermal
response of the ordnance of interest from the temperature history of a
thermal standard (Ref. (1)), and (3) numerical computer solutions.
Predictions were made by Professor T. E. Cooper of the Naval Post-
Graduate School, Monterey (analytical solution), Professor R. D. Ulrich
of Brigham Young University (computer and thermal standard solutions),
and C. F. Markarian of the NWC Aerothermodynamics Branch, Code 4061
Naval Weapons Center (computer solution).

The objectives of these measurements and analytical predictions
relative to this report were twofold. One, evaluate the thermal
standard as a tool for diurnal temperature predictions at specific
locations on a variety of ordnance items. Two, compare the thermal
standard predictive ability with the pure analysts' ability, using
meteorological data, to predict the same diurnal temperature variations.

This was another of the critical field evaluations of the thermal
standard. If analytical techniques used by heat transfer experts can
predict, for example, the thermal response of the top thermocouples on
a Shrike rocket motor as well as the thermal standard, then the thermal
standard might not be needed for that future purpose. Thus, this series
of experiments was designed and the analytical experts were
commissioned to predict, using their best knowledge inputs, the tem-
perature response of several thermocouples at specific locations. The
experts were given the hourly meteorological data for the several days
needed, but they did not know the experimental results until after they
had submitted their predictions. In order to make the thermal standard
predictions only the thermal standard temperature records as well as
the ambient air temperature records were specified.

For all of the predictive techniques it was necessary to assume
values for the absorptivity (of solar energy) of the ordnance or
shipping container surfaces. In addition, the analytical techniques
utilized additional assumptions which were based on prior art. The
more sensitive assumptions were sky temperature, material properties,
radial heat flow (1-D) only, sometimes no internal temperature grad-
jents, etc. Each assumption induces error in the solution and so "exact"

5
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answers were not anticipated. Also, previous measurements on
"ijdentical" ordnance items instrumented with identical thermocouples
did not yield identical thermal responses. The measured temperature
response differed by as much as 6-7°F for similarly located thermocouples
on two different ordnance items at the same time of day. Hence, two
temperatures which are within about 5°F of each other are considered to
be essentially the same Value. Thus, predictions within 8-10°F of the
measured values are considered to be very good. Of course it would be
expected that a few errors would be randomly higher or lower but not
consistently higher ar lower, lest one would suspect to find a reason
for the error.

ORDNANCE TEMEPRATURE MEASUREMENTS

Temperature measurements for comparison with predictions were
obtained on an AGM-45A-3 Shrike missile and an AIM 9H-2 Sidewinder
missile. Both missiles had operational guidance and control sections
and simulated warheads and rocket motors. Desert sand was used as a
simulant for the rocket motor grain. A plastic simulated the explosive
in the warhead section of the Sidewinder. Both missiles were exten-
sively instrumented with copper-constantan thermocouples. The missiles
were exposed in an all-up configuration, although wings and fins were
not installed.

Measurements were taken on the missiles both in and out of their
standard shipping containers. The Shrike containers consisted of a
MK 399 Mod 0, light-navy-gray, steel, single-store, shipping container
and a three-missile shipping container with a white plastic top and
gray aluminum bottom. The Sidewinder shipping container was white
plastic and accommodated four missiles. During the sequence with multi-
store containers dummy missiles were used in addition to the
instrumented missile in order to fill the container as it would be in a
storage situation. The containers were also instrumented with thermo-
couples.

In addition to the ordnance temperature, various meteorological
conditions, such as, ambient air temperature, wind speed and direction,
and relative humidity, were monitored at the measurement site. Solar
radiation as measured by a pyrheliometer was obtained from the Range
Instrumentation Support Division. Data were recorded continuously
throughout the summer of 1974. The dates selected for analysis and the
corresponding missile configurations are listed below:

Date Test Configuration
12 Jun 1974 Shrike out of container
28 Jun 1974 Shrike in single store container
29 Aug 1974 Sidewinder out of container
11 Sep 1974 Shrike and Sidewinder in multi-store
containers
6
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The details of the locations of all the thermocouples for all the
measurements are given in Reference 4,

Prior to the measurements described above, temperature measurements
were taken on three identical Mk 33 Mod 0 gray containers. The purpose
of these measurements was to investigate the effect of the ground
surface on the container temperature. The three containers were placed
within twenty feet of each other on surfaces of asphalt, concrete, and
sand. The complete circumferential temperature distribution was
measured simultaneously on each container. The results showed no
noticeable difference in the temperature around the container for the
various surfaces tested. This could be explained by the higher
reflected solar wave-length radiation from the sand and concrete
compensating for the higher long wave radiation emitted by the asphalt
surface. The differences in the surfaces may be more pronounced on a
white container which would not absorb as much of the reflected solar
radiation but would absorb the emitted long wave radiation. All
Shrike and Sidewinder measurements were obtained with the test items
placed on sand.

The details of the analyses are presented in Reference 4.

RESULTS AND DISCUSSION

The first results are for the all-up Shrike rocket motor, and are
shown in Figures 1, 2, 3, and 4 for the top, bottom, east and west,
respectively. The maximum and minimum temperatures and the times they
occurred are shown in Table 1 for the comparisons. The comparison of
the three analytical methods indicates that the thermal standard was
significantly more accurate overall in predicting the maximum values of
ordnance response temperatures. It over predicted the minimum temp-
erature on the top of the round because the thermal standard was bare
metal, while the Shrike was painted. The paint has a very high
emittance to the night sky while the bare metal emits very little at
sky temperature wave lengths. The bottom and sides of the thermal
standard were much better predictors of the minimum temperature for
the missile

Differences of 5°F or less probably have no significance. That is,
on a given day they may be high or low by a few degrees and that is as
close as can be expected for prediction under any field circumstances.
The Tow prediction of both Markarian and Cooper is probably attributable
to the use of Brunt's equation for temperature. Apparently, there were
particles in the sky at high altitudes which nullify Brunt's equation
and make the effective sky temperature 30-40°F higher than Brunt's
equation would predict. The reason for this suggestion is that the
results of both approaches were uniformly low in the night as well as
the daytime. The Ulrich analytical prediction did not use Brunt's
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Shrike Motor Top (Live)
Shrike Motor Section Top

Sidewinder Motor Top
T.S Method ref.: Topa=.29

Cooper

Markarian

0 5 10 15 20
TIME OF DAY

Figure 1. Comparison of Analytical Solutions with Shrike
Top Experimental Temperatures (12 June 1974)

Shrike Motor Section Bottom
T.S. Method ref.: Bottoma=.29

Shrike Motor Bottom (Live)
Sidewinder Motor Bottom (Live)

—

0 5 10 15 20
TIME OF DAY

Figure 2. Comparison Using Thermal Standard
Method-Shrike Bottom (12 June 1974)
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= = Shrike Motor Section East
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Figure 3. Comparison Using Thermal Standard
Method - Shrike East (12 June 1974)

— —— Shrike Motor Section West

e=—e== T.,S. Method ref.: West a=.29

e~ Shrike Motor West (Live)

==== Sidewinder Motor West (Live)
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Figure 4. Comparison Using Thermal standard
Method - Shrike West (12 June 1974)
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EXPERIMENTAL
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Standard

Markarian

"Cooper

Ulrich

EXPERIMENTAL

Thermal
Standard

Markarian

Cooper

EXPERIMENTAL
Thermal

Standard
Cooper

EXPERIMENTAL

Thermal
Standard

TABLE 1. Maximum and Minimum Temperature Comparisons.

Top Bottom
Max Min Max Min

Shrike (June 12, 1974)

123-1300 61-0500 122-1600 71-0500 °*
125-1300 68-0600 117-1600 71-0500

110-1500 51-0600

115-1700 57-0600

122-1400 60-0600 116-1700 72-0600
Shrike Container (June 28, 1974)
161-1400 54-0500 123-1800 65-0500
156-1400 61-0500 127-1400 62-0500
148-1400 38-0600

125-1500 54-03200

A1l Up Sidewinder (August 29, 1974)
107-1500 56-0600 108-1500 62-0700
111-1400 59-0600 105-1400 60-0600
104-1600 58-0700

Multi Store Container (September 11, 1974)

102-1500 * 61-0700 107-1600  69-0700

111-1500 66-0700 109-1500 66-0700

East
Max

\

116-1300
116-1600

107-1200

150-1100

133-1100

105-1500

104-1300

NO DATA

Min

65-500
69-500

65-0500

56-0500

62-0500

60-0600

59-0600

West
Max

130-1600
126-1600

118-1600

157-1400

151-1500

110-1600

111-1500

110-1600

118-1500

Min

66-0500
67-0600

64-0600

56-0500

62-0500

59-0700

58-0600

63-0700

67-0700

€ 34ed ‘pegYy dI IMN
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equation but used T =T - 20, while Brunt's equation gave the

sky  air
approximate values Tsky = Tair - 60. A discussion of Brunt's equation

and sky temperature is in Reference 3.

The information used in the thermal standard method was the thermal
standard temperature responses and meteorological air temperatures.
These two parameters, along with the assumed absorptivity ratio, are
sufficient to predict any other surface temperature profile. The
theoretical calculation methods used air temperature, humidity, wind
velocity, solar radiation and the assumed absorptivities (both short
and long wave length). This seems to give an advantage to the thermal
standard method since it alone integrates all the thermal forcing
functions into its own surface temperature. It has inherently the
capacity to store energy and conduct heat toward the center and back to
the surface, making it truly a thermal integrator.

The method for prediction using the thermal standard was relatively
simple compared to any of the analytical techniques. The temperature
for any time, e.g. T]3, was

_ o

T13 = (Maipd13 + (U1s - Tain)is ot (1)
This was repeated for each hour of the day and the results plotted for
comparison.

This method used less information (data) than the analytical
methods but, on the otherhand, it does have the advantage of being a
"spy in camp", whereas the analytical methods used information from
instruments (wind, solar radiation, humidity) which can be viewed as
surrounding the camp.

Referring again to Table 1 and Figures 5-8, the thermal standard
prediction method was near the top maximum temperature for the Shrike
Container (June 28, 1976). A1l the predictions were low: the thermal
standard was low because of an « assumed too low; and Markarkan was low
because of the use of Brunt's equation and an o too low. Cooper was
only predicting an average temperature and this prediction was also low,
125°F predicted to 142°F experimental, again the assumed o was probably
too low. Both Markarian and Cooper used an %eolar of 0.6 and *Jong of

0.9. The thermal standard method used an o of 0.8. A real problem in
this type of analytical or predictive work is a lack of knowledge of
absorptive and radiation properties in general for particular items.
There is a need for a low cost instrument which will measure these
properties to the order of plus or minus 5-10%.

11
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Figure 5. Comparison for Shrike Container Top (28 June 1974)
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Figure 6. Comparison for Shrike Container West (28 June 1974)
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The thermal standard prediction for the all-up Sidewinder (August
29, 1974) (see Figures 9 through 12) had a maximum error of 4°F for all
four positions and for maximum and minimum temperatures. This was
considered to be an excellent comparison.

The predictions for the Multi-Store Container as shown in Figures
13 through 15 were all 2-9°F high. The reason for this is not known.
It was anticipated that if any errors were present they would be on the
low side. This is because the low flat object should have a lower
cooling heat transfer coefficient than the thermal standard.

The average error of all 30 thermal standard predictions in
Table 1 is less than 1°F (o = 5). There seems to be no general
trend of errors in the sign (+ or -) of the error. Based on
predictions, in comparison to the other methods, the thermal standard
is an excellent tool for ordnance temperature prediction and should
be exploited further.

The preceding discussion has related mainly to rocket motors and
in particular to motor skins. This was because the thermal standard
was designed with rocket motors and warheads in mind. The following
comparisons deal with other sections of the missile system including
the internal parts of the motor, guidance and computer sections, both
skins and internal parts.

Figures 16 through 24 show these various comparisons. Where inter-
nal temperatures were predicted, the center thermocouple in the thermal
standard was used in place of the surface thermocouples for surface
prediction. Otherwise the prediction equation was the same as equation
(1). Here again, these figures show very excellent agreement between
the thermal standard prediction and the measured values. Some of the
internal locations were also predicted analytically as shown in Figures
19, 20 and 21. The trends of the predicted curves are similar to the
measured, but the peak temperatures are generally lower. This is
probably due to the same problem observed in surface temperature
prediction, i.e. the use of Brunt's equation for sky temperature calcu-
lations gave low predictions. It would be difficult to get good
internal temperature predictions since the internal temperature calcu-
lations depend on surface temperature calculations.

The Shrike container predictions were made using an assumed
absorptivity for the container of 0.8. Figure 25 shows the effect of
using 0.75 and 0.85 as compared to 0.8 as well as the actual curve.
This shows a predicted maximum temperature rise of about 3°F for each
0.05 increase in the assumed absorptivity. It is impossible to know,
in general, the actual value of absorptivity of a surface, which
depends on the specific paint originally used, oxidation or aging of
the paint, corrosion, erosion and other factors.
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Figure 20. Comparison for Shrike Motor Top in
MK 399 Container (28 June 1974)
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NWC TP 4834, Part 3

CUMULATIVE PROBABILITY TEMPERATURE DATA

One method by which the enormous number of hourly data points
have been presented is to plot the cumulative total of the hours that
the thermal response was a certain temperature value or less. This has
been done for all five thermocouples on a thermal standard and for the
meteorological air temperature at several dump storage measurement sites
for one or more years. Typical results are shown in Figure 26, for
the Panama Canal Zone. Some of the general features which are discussed
relative to Figure 26 apply to all the warm climate thermal standard
exposures. An object placed in a dump storage situation is generally
warmer during the day than the free air because it receives its heat
directly from the sun, while the air, being semi-transparent, receives
most of its heat by convection from the earth. The thermal response
of the west side of an exposed item is either equal to or greater than
that of the east side. However, the top of an exposed item generally
will be slightly hotter than the west side with the peaks occuring at
about the same time. The center of an object never attains the
extreme high temperatures of the surface because it is protected from
the extreme exposure by the outside. Generally, for most of the night
(about half of the total time) all the temperatures are about the
same. In the cold arctic regions where there is little solar energy,
all the temperatures are about the same. This is especially true for
the temperatures below the 0.5 cumulative probability point.

While this cumulative probability format does not give the daily
temperature profiles of an object, it does give a method of estimating
annual extremes and distributions and delineates the range of temper-
atures which exists any desired percentage of the time. The Cumulative
Probability Temperature format will be useful in making economic
trade-off studies for designing weapons which are to operate in both
hot and cold or "world-wide" environments. It must be realized that no
weapon is really designed for any given day. It must be designed to
function accurately for a wide range of daily thermal situations.

Since this connotes a statistical sample of daily situations on a
"world-wide" scale, then the probability of occurrence must be
addressed. The designer, being an engineer, is only interested in
those environmental situations that can be expected to happen within
the same probability risk for which the weapon is being designed. For
example, if the weapon is being designed for a reliability of 95% (or
less), then probable chance of occurrence temperature response values
of one in a billion are neither appropriate, nor wanted, even though
they can be projected to be possible.

Therefore, the cumulative probable chance-of-occurrence of temp-
erature data gives the designer a variety of "extremes" and a
statistical context in which they are appropriate. This approach is
in the spirit and context of DoD Directive 5000.1.
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Figure 26. Thermal Standard Panama Canal Zone, 1971-72

Another valuable application of the cumulative probability plot is
the composite plot which shows a band which includes many individual
curves for a given location. Figures 27, 28, 29, and 30 are composite
plots for China Lake; Innisfail, Australia; Ft. Richardson, Alaska; and
Death Valley, respectively. The one for China Lake (Figure 27), for
example, includes the following:

A11 five thermal standard temperatures for five years

Ten CP-T curves for a Sparrow missile

Five CP-T curves for a Sparrow motor in its shipping container
Six CP-T curves for a loaded 2.75" rocket container

Two CP-T curves for small arms in a container

Q1B wWN) -

A similar variety of Cumulative Probability Temperature curves are
contained in the other three composite displays. The composite plot

is not only valuable because of the many different ordnance temperature
curves it contains, but because it indicates the types of dump storaae
items of which the thermal standard may be typical. It is almost
amazing that a temperature band 15-20°F wide can include such a vast
array of data from such a variety of dump storage ordnance items.
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